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We present a method to perform sample concentration within a lab-on-a-chip using
a microfluidic structure which controls the liquid-gas interface through a micropillar
array fabricated in polydimethylsiloxane between microfluidic channels. The
microstructure confines the liquid flow and a thermal gradient is used to drive
evaporation at the liquid-gas-interface. The evaporation occurs in-plane to the
microfluidic device, allowing for precise control of the ambient environment. This
method is demonstrated with a sample containing 1 um, 100 nm fluorescent beads
and SYTO-9 labelled Escherichia coli bacteria. Over 100 s, the fluorescent beads
and bacteria are concentrated by a factor of 10. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4890943]

INTRODUCTION

Sample concentration is a critical operation ubiquitous in lab-on-a-chip application due
to the small volume of fluids and small concentration of samples.! A variety of methods to
concentrate samples have been developed using pressure driven flow via syringe pumps,” elec-
trophoresis,® dielectrophoretic,* centrifugal forces,” magnetophoresis,® optoelectronic,’ capillary
flow,® ion concentration polarization,” and evaporation-induced flow.'® For evaporation-induced
sample concentration, the fluidic flow is generally constant and the technique is applicable to
any biological or chemical samples.'® In this paper, we focus on sample concentration via evap-
oration using a polydimethylsiloxane (PDMS) micropillar array adopting a technique developed
for silicon microfluidic channels.'" We apply this technique to aqueous samples containing
bacteria and fluorescent agents.

Membrane-based liquid-gas separation is a well studied topic and has been reviewed exten-
sively.'”™'> These separations are used for adsorption, where gaseous phase is introduced into
the liquids; stripping, where volatile components are removed from the liquid phase into the
gas phase; and distillation, where miscible fluid mixtures are separated through vapour pressure
and/or thermal differences. In this article, we focus on sample concentration as it applies to the
lab-on-a-chip community where the samples are aqueous and the liquid flow is continuous.

Evaporation based microfluidic methods have been previously developed to perform sample
concentration.'®?” These methods rely on controlling the evaporation at the outlet, replacing
the vaporized liquid via capillary effects, and sucking liquid through the microfluidic channel at
pre-determined rates.'® This evaporation rate can be actively controlled using pressure'” or tem-
perature.18 It can be used to manipulate blood,19 bacteria,20 DNA,21 and viruses®? or generate
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chemical gradients to perform chemotaxis experiments.”> Additionally, structures within micro-
fluidic channels,”* open surface microchannel grooves,” open-surface micro-traps,”® and super-
hydrophobic nano-structures”’ can be used to concentrate compounds at selective locations.
Most of these methods rely on evaporation into an ambient atmosphere at the outlet of the
microfluidic channel. Concentrating compounds via structures within microfluidic channels®*
can be highly advantageous, since the fluids inside the channels can be rapidly modified.

Since evaporation is proportional to the surface area and also to the difference between the
saturation and actual water vapour pressures near the surface of the liquid, we maintain a low
water vapour pressure by having a thermal gradient between the water surface and the area
where condensation takes place. In previous demonstrations, evaporation takes place from a
large droplet at the outlet of the microfluidic channel, with a heat sink placed at some distance
away from the chip. Miniaturizing this system, such that evaporation occurs inside the micro-
fluidic channel, can result in a dramatic decrease of the total vaporized rate if the total area
remains about the same without changing the thermal gradient.”® Therefore, a goal of the
microfluidic method is to increase both the: (1) surface area to volume ratio and (2) vapour
pressure differentials via thermal gradients. These two components are an accepted advantage
of microfluidics over traditional methods in energy applications,?® chemical synthesis,*
reactors,31 biosensors,32 and medical diagnostics.3 3

The issue of generating a microstructure to separate liquid and gaseous phase within
microfluidics is tackled by a variety of debubbling mechanisms. Unwanted gas bubbles in micro-
fluidic channels can be removed from continuous flow by open microfluidics®* and various
microstructures such as hydrophobic venting holes,” pneumatic bubble traps,”® integrated bubble
traps,37 membrane based debubblers,38 electrochemical debubblers,39 and in-plane debubblers.**

Improved performance is obtained via external pressure and thermal integration.*'
Alternatively, these bubbles can be used as a means to valve fluidic flow.*> We were inspired
by micropillar liquid-gas separations,'’ hydrophobic venting holes, and microfluidic debubblers
to design a polymer-based microfluidic structure with micropillars, as shown in Figure 1.

micro-

DESIGN OPTIMIZATION

The microfluidic chip was made using PDMS (Sylgard). PDMS was mixed at a ratio of
10:1 base and curing agent. This was poured onto a SU-8 mold for the PDMS fluidics layer,
made using photolithography on a Si wafer. A flat PDMS layer was made using an empty Si
wafer. After punching inlet and outlet ports into the PDMS fluidics layers, the two pieces of
PDMS are brought together. It has an inlet sample microfluidic channel with a width of 800
um. There are 100 yum x 100 um openings in between posts of 100 um x 100 ym (width and
length). These posts form a part of the liquid repellent structure, which separates liquid water
from vapor water. The air cavity is 500 um wide. The total structure is approximately 2800 um
wide. The two microfluidic channels are driven by gravity pressure from water tanks.

First, we simulate the microfluidic chip containing the liquid repellent structure in
COMSOL to optimize parameters. A 3-dimensional version of the chip as shown in Figure 1 is
modelled in COMSOL. Fluid flows into the sample microfluidic channel. The sample is heated
to 30°C. The fluid velocity in the sample microfluidic channel is dependent on the amount of
vaporized water. The amount of vaporized water is determined by the difference of the satu-
rated vapour pressure and the actual vapour pressure near the hot body of water. Proportional
to this difference, heat in the form of the enthalpy of vaporization is removed from the sample-
liquid repellent structure interface. When a heat sink condenses the water vapour, the vapour
pressure decreases, heat is released in the form of enthalpy of condensation, and additional
evaporation from the hot body of water can occur. To model the amount of water which is
evaporating from the sample interface and condensing on the air cavity, we use the mass trans-
fer equation as described by Plesset.”> Two bodies of water at different temperatures will have
a mass flow of water which vaporizes from the hot body of water and condenses on the cold
body of water, assuming salinity is equivalent. The equation is
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FIG. 1. (a) and (b) Side-view and top-down diagrams of liquid repellent structure. In the microfluidic chip, there is flowing
sample which contains bacteria, particles, and chemicals to be concentrated. The liquid repellent structure, between the
sample channel and the air cavity, allows water vapor through but not liquid water. The air cavity fills up with vapor. The
vapor can condense in the cavity or escapes to the outlet ports. (c) A picture of a 1 cm X 1 cm device, on a black back-
ground, with 3 parallel structures is shown.

J = apt | RTo L= (pi/ ) (11/To)
oVorm 14 VT /Ty ’
where J is the mass flow rate, o is the evaporation coefficient, M is the molecular mass of the
water, Ty is the temperature at warmer interface, T is the temperature at cooler interface, p{ is
the saturation vapor density at 7; (i is either O or 1), and R is the universal gas constant.

In the simulations, we take the temperature along the sidewall of the sample microfluidic
channel and the sidewall of the air cavity. After averaging in height, we take the temperature
and plug into the equation for a differential length-scale of 0.1—1 um, which is the smallest
size of the simulation mesh. This energy is removed from the sample microfluidic channel and
added to the sidewall of the air cavity. At steady-state, we sum up the total amount of water

added per second in the air cavity. This is the amount of clean water generated or distillate
output.
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There are four parameters of the microfluidic chip which are varied in the simulation:
microfluidic cavity depth, excess PDMS as insulator, microfluidic channel width, and microflui-
dic channel length. As shown in Figure 2, the structure is indifferent to channel widths and
excess PDMS. Optimal parameters were obtained for thicker cavities and longer channel
lengths. Thicker excess PDMS leads to additional cost and longer channel lengths lead to more
difficulty maintaining a proper hydrodynamic resistance ratio. Cavity and microfluidic channel
thickness are limited by SU-8 mold fabrication and PDMS soft lithography to 400 um. There is
no optimized value for the post dimension and it can be selected to meet the fabrication meth-
od’s requirements such as photoresist’s maximum deliverable aspect ratio. Distances between
the posts are more important than the posts themselves, since they decide the hydraulic resist-
ance in the cross-flow direction. This resistance is directly proportional to the maximum allow-
able liquid backpressure. Therefore, the void dimension can be selected to tune the maximum
achievable velocity of liquid in the sample channel.

With the optimal parameters determined by simulations for fluid channel thickness, fluid
channel width, length of fluid channel, and excess PDMS, we select a good system design for
the liquid repellent structure and experimentally verify its stability and capability. In order to
predict the maximum pressure flow that can be contained in the central channel, we use a simi-
lar method as in Ref. 11 except, in our case, the material in the microfluidic channel is PDMS
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FIG. 2. Optimizing parameters on the liquid repellent structure on a chip. Four parameters were optimized in COMSOL
simulations: (a) fluidic channel thickness, (b) input fluidic water width, (c) excess PDMS, and (d) length of fluidic channels.
Thicker fluidic channels achieve higher total output, in an almost linear manner. However, thicker fluidic channels are diffi-
cult to fabricate as photolithography is generally limited to a 5 : 1 height to width ratio. There is indifference to the water
width and excess PDMS thickness. Excess PDMS leads to higher material cost. Finally, longer fluid channel lengths are
preferred to shorter ones. Shorter lengths require more precise fluidic flow rates in experiments, otherwise much of the
energy is lost in the waste stream. Simulation error bars are due to meshing sensitivity.
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rather than silicon. Manipulating the height of the water tank allows us to modify the inlet
pressure. We take images of the radius of curvature of the water-air interface at the sample
microfluidic channel, as shown in Figure 3. The radius of curvature at the interface is deter-
mined by the Laplace-Young equation

o1
AP =y(—+—
(i)

where y is surface tension, R, and R, are the radii of curvature, and AP is the pressure differ-
ence between liquid and vapor phase. From the images, we obtain R,. We can infer R, from
R,. At a water tank height of O mm, the radii of curvature R, and R, are oo since the pressure
inside and outside the water is the same. As the water tank is raised in height, the radii of
curvature decrease since the pressure inside the water is higher than in the ambient air. When
the water tank is increased to a maximum of 80 mm, the radius of curvature is R, < 40 um and
the sample enters into the liquid repellent structure.

Second, we calculate the fluidic resistance of the liquid repellent structure. The hydraulic
resistance** is determined by

R 12l
T wh3(1 — 0.630n/w)’

for a microfluidic channel with viscosity u, height 4, width w, and length L, where h < w.
When w < h, one can switch the two variables. We assume a fixed fluid viscosity u and height
h =400 pum for all structures. The two variables are width w and length L. We assume that the
fluid must travel from the inlet of the sample microfluidic channel to the outlet of the sample
microfluidic channel without any connections between the sample microfluidic channel and the
liquid repellent structure.

An equivalent fluidic resistance circuit would be many cross-sections in series consisting of
the sample microfluidic channel with width w = 800 um and length L = 100 um along with a

(a) 500 (b) 1000

400 8004 =

3004 Breakdown 600 Breakdown

S 2004 400 -

Velocity (um/s)

100 200

Radius of curvature (um)

| [
| [

| [

I |

| |

| |

I I

i | I
[ I

[ I

| I

| I

[ I

| I

[ I

| |

0 0

T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Pressure (Pa) Pressure (Pa)

Vi ir water
water water e

Increasing
water pressure

Increasing
water pressure

50 um ‘ 50 um - 50 um

FIG. 3. Graphs (a) and (b) and images (c)—(e) of water velocity and radius of curvature at the water-air interface as the
water tank is changed in height experimentally. As the height is increased, the fluid flow velocity increases and the radii of
curvature decreases. At some height, the liquid repellent structure does not prevent liquid water from entering into it, a con-
dition we term breakdown. We note that breakdown occurs at 80 mm of height for the water tank. Stable fluid flow is
achieved for fluid velocity of 550 um/s and a radius of curvature at R, ~ 40 um. This is equivalent to 0.2 ul/s for the
1 cm x 8 mm chip or 0.8 ml/h per 1 cm?.
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side channel with width w = 100 um and length L = 500 um, connecting from and to the micro-
fluidic channel through the openings in the liquid repellent structure.

Therefore, the fluidic resistance of each parallel small structure is more than 2 orders of mag-
nitude larger than the central fluidic channel. As such, one can expect to have about 100 small
openings before the side openings have equivalent fluidic resistance to the sample microfluidic
channel. If the openings are 100 um wide, the sample microfluidic channel can be 1 cm long.

With these two parameters: a 75 mm high water tank and a 1cm long sample microfluidic
channel, we know the water pressure and hydrodynamic resistance. The fluidic flow rate is
determined by

AP =R x Q,

where Q is the volumetric flow rate in the channel and R is the hydrodynamic resistance.
Experimentally, the maximum average fluidic velocity is 550 um/s at a radius of curvature at
40 um. This is equivalent to 0.2 ul/s for 1cm x 8 mm chip or 0.8 ml/h per 1cm?.

With these additional calculations, the most practical design was chosen with depth at
400 pum, 1cm long microfluidic channel and air cavity, and 2—10 mm total PDMS thickness. In
the experiments, we characterized the liquid repellent structure by resolving the following ques-
tions: (1) Does the structure keep the liquid separated from the vapour, and (2) How good is
the structure at concentrating samples?

EXPERIMENTAL RESULTS

The liquid repellent structure on a chip is very adept at separating vapour and correspond-
ing condensate from the sample in the microfluidic channel. To use the liquid repellent struc-
ture to concentrate samples, we modified the input sample temperature while keeping the chip
cool. The chip was kept continuously at 20°C; the body of water in the sample microfluidic
channel was pre-heated. Figure 4 shows the results with 50 yug/ml Rhodamine 6G (Sigma
Aldrich) contaminated water heated to 50 °C, visualized with a 50 mW/cmz, 514 nm Argon ion
laser. Rhodamine 6G containing contaminated water is flowing through the sample microfluidic

'.' 7

I White light [

FIG. 4. Experiment of fluorescence concentration using the liquid repellent structure on a chip with Rhodamine 6G conta-
minated water. A diagram of the liquid repellent structure is overlaid on the images (a) and (b). The Rhodamine 6G is
visualized using a 514nm Argon laser. Rhodamine 6G containing contaminated water, pre-heated to 50°C, is flowing
through the sample microfluidic channel. The liquid repellent structure separates the Rhodamine 6G contaminated water
from the air cavity. Over time, condensate forms inside the air cavity, which we can see from the light scattering. There is
clear separation of the Rhodamine 6G between the air cavity and sample channel.
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channel. The liquid repellent structure separates the Rhodamine 6G contaminated water from
the air cavity. Over time, condensate forms inside the air cavity, which we can see from the
light scattering. There is clear separation of the Rhodamine 6G between the air cavity and sam-
ple channel as evidenced by the lack of fluorescence response in the region outside the mem-
brane. The vertical stripes in Figure 4(b) are an artefact due to the fluorescence filter.

To measure sample concentration capability with different pre-heating conditions, we meas-
ured the distillate output at different input temperatures. The chip was kept continuously at
20°C; the body of water in the sample microfluidic channel was pre-heated between 30 °C and
80°C. Due to the temperature difference and continuous flow of the pre-heated sample, continu-
ous distillation occurs. At 30°C, we experimentally obtain 0.2ml/h per 1 cm?; at 80°C, we
experimentally obtain 3.6ml/h per 1 cm?. Simulations were performed with the same parame-
ters as the experiment to quantify distillate output. At 30°C, we simulate a distillate output of
0.3ml/h per 1 cm?; at 80°C, we simulate a distillate output of 5.1 ml/h per 1 cm?.

A relationship between distillate output and concentration factor can be determined by the
following formula:

Vinitia/ + Vdixti/late

Crinat = Cinitial -
’ Vinitial + Vwaxte

)

where Cjyiiqr 1s the initial concentration of particles, Cy,q is the final concentration of particles,
Vinitiar 18 the initial volume inside the microfluidic channel, Viginae 1s the distillate output, and
Viwaste 18 the waste output from the central microfluidic channel.

As shown in Figure 5, there is general agreement on the curve although the simulation output
is higher than the experimental results. This factor comes about due to additional losses which
were not considered in the simulation of the fluidic channels. For example, in actual experiments
Vwaste 7 0 and there is some heated fluid exiting the system in the outlet but in the simulations,
we assume that there is no exiting fluid and that V4, = 0. Additionally, some energy is lost as
the two bodies of water are quite far from each other and some water vapour may condense in
the air cavity closer to the liquid repellent structure and farther away from the cavity walls.

We performed an experiment with fluorescent particles, as shown in Figure 6. The contami-
nated water, pre-heated to 50 °C, contains 10’ /ml SYTO9 (Invitrogen) labeled Escherichia coli
K12 JM101 (Bioconcept), 107 /ml yellow-green fluorescent 100nm latex beads (Invitrogen),
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FIG. 5. Comparison of experimental and simulation results of distillate output and concentration factor from the liquid re-
pellent structure on a chip. Experiments were performed with the chip cooled to 20 °C; the body of water in the sample
microfluidic channel was heated up to between 30°C and 80°C. Simulation results are shown in a dotted green line.
Experimental results are plotted with error bars. The simulation output is higher than the experimental results. This factor
comes about due to additional losses which were not considered in the simulation of the fluidic channels. For example, in
actual experiments, there is additional heated fluid exiting the system as waste which is not all accounted for in the
simulations.
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FIG. 6. Experiment of particle concentration using the liquid repellent structure on a chip with SYTOO9 labeled E. coli,
green fluorescent 100 nm and 1 um particles contaminated water. A diagram of the liquid repellent structure is overlaid on
the images (a)—(c). The bacteria and particles are visualized using a 488 nm Argon laser. The contaminated water, pre-
heated to 50°C, is inside the sample channel. The liquid repellent structure separates the contaminated water from the air
cavity. There is clear separation of the bacteria and particles between the air cavity and sample channel. As we increase the
magnification of the imaging system to get a better count of the number of bacteria and particles, most objects appear out-
of-focus as the cavity depth is greater than the depth of focus. Therefore, we measure the total particle count by taking sev-
eral images at different focal depths. We count the number of particles in the field of view as water evaporates over time in
(d). There is a 10x concentration of the particles over 100 s, which is in agreement with simulation results.

and 107 /ml yellow-green fluorescent 1 um latex beads (Invitrogen). The bacteria and particles
are visualized using a 100mW /cm? 488 nm Argon ion laser. The contaminated water is flowing
through the sample channel. As before, the liquid repellent structure separates the contaminated
water from the air cavity. The outlet is closed to prevent continuous flow. Over time, the parti-
cle concentration increases; the temperature in the sample microfluidic channel decreases until
it is in equilibrium with the entire microfluidic chip. We see 10x concentration of the particles
over 100s.

DISCUSSION

Experiments with evaporation-based concentration methods are limited by the ambient
environment (i.e., humidity, room temperature, etc).“’ Control of the evaporating surface, which
determines the amount of liquid evaporating into vapour, and the heat sink, which removes the
excess vapour, requires precise control of both the evaporating surface area and the thermal gra-
dient. Although both concepts were demonstrated external to the microfluidic chip,'”'®** we
demonstrate the capability to control the two factors within the microfluidic chip to perform
sample concentration. Experiments with open surface microchannel grooves 25 provide a very
similar basis to compare against our results. With the hot body of water at 20 °C, air velocity at
0.15ms~! and relative humidity at 50%, they are able to obtain 2% increase in particle concen-
tration per 1s with a 125 um wide and 80 um deep channel. 50% relative humidity at 20°C is
equivalent to saturated humidity at about 9 °C. If we interpolate the data from our experiments,
we are capable of experimentally obtaining 2% increase in sample concentration per 1 s by
having the hot body of water at 28 °C and the heat sink at 20°C. If one looks at the saturated
vapour pressures for these two temperatures, the change in vapour pressure is very similar.
Therefore, we obtain very similar results for sample concentration with an evaporation based
microfluidic device in a much smaller footprint.

CONCLUSION

We have demonstrated using a liquid repellent structure to perform both distillation and
evaporation based sample concentration in-plane inside a microfluidic chip. We demonstrate
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3.6ml/h per 1cm? distillate output using two bodies of water at 20°C and 80°C. Using the
same structure, we demonstrate 10x concentration of fluorescent particles over 100s. We antici-
pate that the proposed microfluidic structure will enable novel applications in communicating
microchannels within integrated lab-on-a-chip systems. The approach is lightweight, low cost,
and of low complexity.
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